This paper presents the Swiss contribution to the Deep Decarbonization Pathways (DDP) project which is an international collaborative initiative aiming at understanding and showing how individual countries might define a roadmap paving the way to reaching a low carbon economy and how the world can keep global mean temperature increase below 2°C. The Swiss analysis relies on macro-economic simulations of GEMINI-E3, a computable general equilibrium model used to assess the energy and economic impacts of a Swiss low carbon society. The DDP scenarios assume a CO 2 emissions target of 1 ton per Swiss inhabitant following the Swiss climate target which represents a 76% abatement with respect to 1990 levels. The paper discusses several options/scenarios compatible with this emissions target that appears to be quite challenging. The scenarios are compared to a reference scenario which assumes that Switzerland will reach a 20% reduction of CO 2 emissions relative to 1990 levels, using instruments that have already been defined (buildings refurbishment program, regulation on CO 2 emission for new cars, CO 2 tax on stationary fuels, Swiss ETS market).
Introduction
As part of the Deep Decarbonization Pathways (DDP) project 1 , the present paper presents simulation results of deep decarbonization pathways for Switzerland. DDP project is an international collaborative initiative aiming at understanding and showing how individual countries might define a roadmap paving the way to reaching a low carbon economy and how the world can keep global mean temperature increase below 2°C. The project is led by the Sustainable Development Solutions Network and the Institute for Sustainable Development and International Relations. More precisely, the DDP project objective is to explore and analyze for each country possible transitions to a low-carbon economy, taking into consideration national socio-economic conditions, development aspirations, infrastructure stocks, resource endowments, and other relevant factors. An economic modeling part complements the analysis. Up to now, 15 countries (Australia, Brazil, Canada, China, France, Germany, India, Indonesia, Japan, Mexico, Russia, South Africa, South Korea, UK, and USA) are involved in this initiative.
The Swiss Federal administration and, in particular, the Federal Office for the Environment (OFEV) has decided to contribute to the project and therefore to develop a national Deep Decarbonization Pathway analysis to 2050 for Switzerland.
The paper discusses several options/scenarios compatible with this Deep Decarbonization Pathway. The paper is structured as follows: Section 2 presents briefly the GEMINI-E3 model used to perform the economic simulations. Sections 3 and 4 detail the storylines and the assumptions, respectively, of possible Deep Decarbonization Pathway scenarios. Section 5 provides results and analysis and, finally, the last section concludes.
The GEMINI-E3 Model
GEMINI-E3 2 [6] is a multi-country, multi-sector, recursive computable general equilibrium model comparable to the other CGE models (EPPA, OECD-EnvLinkage, etc) built and implemented by other modeling teams and institutions, and sharing the same long experience in the design of this class of economic models. The standard model is based on the assumption of total flexibility in all markets, both macroeconomic markets such as the capital and the exchange markets (with the associated prices being the real rate of interest and the real exchange rate, which are then endogenous), and microeconomic or sector markets (goods, factors of production).
In the last 20 years, GEMINI-E3 has been extensively used to assess future climate and energy strategies at global and regional levels The current version is built on the last Swiss input-output table 2008 [17] and the GTAP database 8 [5] for the other countries. The industrial classification used in this study comprises 11 sectors and is presented in Table 1 . The model describes five energy goods and sectors: coal, oil, natural gas, petroleum products and electricity. Concerning the regions represented by the model we use an aggregated version of GEMINI-E3 that describes only 5 countries/regions: Switzerland, European Union, United States of America, BRIC (Brazil, Russia, India and China) and the rest of the World. 
Energy demand
Domestic energy demand is equal to the sum of energy consumed by firms as a production factor and of energy consumed by households as a final good. The production structure of the industrial sectors is shown in Figure 1 .
The representative consumer maximizes a nested CES utility function, described in Figure 2 . Energy consumption is split in two parts, for transportation and housing purposes. In each nest, energy can be substituted by spending more on a capital good represented by cars in the first case and by shelters in the second one, i.e. by purchasing more energy-efficiency but also more expensive cars and housing units.
Energy supply
As in Switzerland coal, natural gas and crude oil are mainly imported, we only present the modeling of electricity generation. In this version of GEMINI-E3, Figure 1 : Nested CES production structure electricity production is represented by a nested CES function including -besides fossil fuels, nuclear and hydraulic plants -the new capacities installed in the renewable technologies. "Renewable" aggregates wind, solar, geothermal and other renewable. Power generation is separated from the other activities (transmission and distribution) that appear through their factors of production at the top of the nesting structure. Power generation involves only two factors of production, capital and fuel (only capital for renewables) 3 . With this nesting structure it is possible to better take into account the power generation portfolio and to represent interfuel substitutability as well as substitutability between fossil and renewable power generation [21] . 
Defining storylines
In this analysis, we have defined and analyzed two sets of scenarios:
• The first one, called "reference scenario", assumes that Switzerland will achieve by 2020 a 20% reduction of GHG emissions relative to 1990 levels in 2020, using instruments that have already been defined (Building Program, regulation on CO 2 emission for cars, etc). After 2020, we suppose that no additional policy will be implemented but the existing instruments would remain applied with their 2020 levels;
• The other ones, called the "DDP scenarios", all suppose that Switzerland will reach by 2050 a CO 2 emissions target of 1 ton of CO 2 per Swiss inhabitant but use alternative assumptions on the technologies available.
Following the Swiss CO 2 law these respective CO 2 targets concern CO 2 emissions from all sources, except international aviation. For the purpose of simplifica-tion, we assume in these scenarios that no climate policies are implemented in the rest of the world.
Up to 2020, the two scenarios make the same set of assumptions that are mainly drawn from the Swiss climate policy presented in "Switzerland's Sixth National Communication and First Biennial Report under the UNFCCC" [19] . More precisely, we assume that the following measures and instruments are implemented up to 2020 in both scenarios: After 2020 the two sets of scenarios diverge. The reference scenario does not integrate new targets on CO 2 emissions and does not assume new regulation on energy efficiency; it freezes the carbon prices to their 2020 levels. It should be noted that the last energy projection done by European Union [2] follows the same philosophy for the years after 2020. Therefore we use the following assumptions in the reference scenario:
1. The carbon prices (ETS price, CO 2 tax) and levy charged on fuels for transport remain constant and equal to their 2020 levels; 2. The Building Program remains constant at its 2020 levels; 3. The CO 2 emissions standard for new cars remains constant at its 2020 levels.
The DDP scenarios assume a much more stringent climate policy that will be achieved mainly by the implementation of a uniform carbon tax. However as the scenario is based on significant shifts in climate policy we believe that new technological options need to be considered. The DDP scenario will assume the following:
1. CCS option becomes available in 2025; 2. The Building Program is terminated in 2020; 3. Car regulation on CO 2 emissions standard is extended after 2020; 4. The CO 2 prices (ETS price, carbon tax) and the levy charged on fuels for transport are replaced by a uniform carbon tax applied to fossil energy consumption in order to reach the CO 2 target by 2050. Figure 3 gives the emissions profile of the DDP scenarios as well as past emissions and the emissions of the reference scenario 4 that are presented in section 5. The next section detail all these assumptions. Subsection 4.1 presents the common assumptions to both scenarios while subsections 4.2 and 4.3 give scenario specific ones.
Scenarios assumptions

Common assumptions
To simulate the evolution of the economy until 2050, GEMINI-E3 uses forecasts of population growth, GDP and energy prices, as well as assumptions on electricity generation as detailed below.
Demography
We use the evolution of the Swiss population as defined by the A-17-2010 scenario from the Federal Office of Statistic (OFS) [8] . This scenario is based on the median scenario called A-00-2010 until 2030. After that date, the scenario assumes a net immigration of population equal to 40 000 persons per year until 2060. Table 2 gives the evolution of the Swiss population. In 2050, 9.8 million inhabitants will live in Switzerland. For the rest of the world, assumptions on population are based on the 2010 forecast made by United Nations [20] . We use the "median-fertility variant". In 2050, the World population will reach 9.27 billions of inhabitants.
GDP growth
For Switzerland, we compute the GDP growth rate by multiplying the labour force (given by the demographic scenario done by OFS) with labour productivity. This yields the potential GDP. We suppose that the labour productivity increases by 0.5% per year in Switzerland over the whole period.
For the rest of the World, we apply a similar methodology. We use the GDP growth rates computed in the last World Energy Outlook (WEO) [14] of the International Energy Agency (IEA) up to 2035. After 2035 we multiply the labour force by labor productivity based on what is retained by the IEA for the period 2011-2035. Table 3 shows the GDP growth used in the reference scenario. 4.1.3. World energy prices Assumptions concerning energy prices are drawn from the WEO of the IEA [14] . The first preliminary scenarios presented in this report assume that only Switzerland implements a climate policy, therefore we retain the scenario called "current policies scenario" of the IEA. called "450 scenario". The predictions of the IEA stop in 2035. After that, we assume that energy prices will continue to grow and converge to a growth rate of 0.7% per year at the end of the simulation (i.e. 2050). Table 4 shows the energy prices used in the reference scenario. The oil price and the price of imported gas in Europe are assumed to reach 162$ and 5.1$/Mbtu in 2050, respectively. 
Electricity generation
In May 2011, the Federal government decided, after the devastating earthquake in Japan and the disaster at Fukushima, to gradually decommission all nuclear power plants. The strategy is to decommission five nuclear power plants when they reach the end of their service life and not to replace them with new ones. However, the Swiss government does not fix the end of their lifetime. The operator of the Mühleberg power plant already decided to cease all electrical generation in 2019. For the 4 remaining power plants we decided to use a lifetime of 60 years. Table 5 shows the operating lifes of the 5 existing nuclear power plants that have been introduced in GEMINI-E3. Table 6 shows the renewable potential that we use in this study. The main source is a publication of the BFE [12] adjusted by INFRAS (on solar P.V. and biomas & biogas). The electricity generation prices for new renewable capacities are given in Table 7 . The expected decline in generation costs guarantees that the potentials are used.
Specific assumptions of the reference scenario 4.2.1. Transportation
We assume that the CO 2 emissions standards for new vehicles will be 130 grams of CO 2 per kilometer in 2015 and 95 grams in 2020. The regulation remains constant afterwards. Figure 4 shows the evolution of the emissions standards for passenger cars in the reference and the DDP scenarios. For other vehicles (i.e. light commercial vehicles, buses, trucks) we assume a same rate improvement in CO 2 emissions. We suppose that electric cars will penetrate the market of passenger cars in the forthcoming decades and that the share of passengers cars using electricity will be equal in 2020 to 5% and in 2050 to 40%. For other vehicles the share would be equal to 30% in 2050.
The Federal Building Program initiated 5 in 2010 by the Confederation and the cantons aims at reducing significantly the energy consumption and the CO 2 emissions of Swiss buildings. The objective is relevant and reasonable as in Switzerland around 40% of the energy consumption and CO 2 emissions are generated by the building sector and about 1.5 million of houses and buildings require urgent energy retrofit. The program is divided into two streams in the period 2010-2019. The first one (Part A) includes federal subsidies for mainly thermal insulation works while the second stream (Part B) encourages investments in renewable electricity generation in buildings. In the reference scenario we assume that the Building Program remains constant after 2020, i.e. that 200 millions of CHF will be spent every year. In the following, we estimate the direct contribution of Part A on CO 2 savings up to 2050 based on 2011-2013 statistics (yearly subsidies, CO 2 savings, etc) available at http://www.dasgebaeudeprogramm.ch/index. php/fr/le-programme-batiments/en-bref and summarized in Table 8 . Note that the column "Total expected CO 2 savings" gives the CO 2 savings over all the effective duration of the measures (about 37 years). To estimate the global impact of the Building Program from 2011 until 2050, we made the following assumptions:
• The budget for federal subsidies will attain 200 MCHF per year between 2014 and 2050.
• The efficiency ratio (ie, CO 2 savings per MCHF) of the implemented measures will decrease by 50% between 2014 and 2050.
In Table 9 , we report our forecasts on CO 2 savings. The column "Cumulative effective CO 2 savings" indicates the CO 2 savings in the corresponding year obtained by current and past retrofit subsidized by the Building Program. In 2050, these amount to 46.71 millions tons.
The analysis leads to 46.71 Mt of CO 2 savings for the full program duration (2011-2050). Figure 4) which is in line with the assumption used in the "Neue Energiepolitik" (NEP) scenario of the Energieperspektiven [18] . The emissions standard is applied to new vehicles including electric ones. The same assumption is retained for other vehicles in relative terms.
Carbon capture and storage
The CO 2 storage capacity is significant in Switzerland. A report of the Institute of Geological Science [9] evaluates the geological potential for this option within Switzerland, based on a literature review, at 2680 millions tonnes of CO 2 . Figure  5 maps this potential.
While CCS is expected to play an important role in climate policies, its deployment is subject to technical, social and legislative uncertainties. Several studies have analyzed the role of CCS for the European energy transition under different assumptions concerning these uncertainties. The "EU Reference scenario 2013" elaborated with the PRIMES model and published by the European Commission Figure 5 : Swiss CO 2 sequestration potential -Source: [9] [2] determines the development of the EU energy system under current trends and adopted policies until spring 2012 and those that are or will be implemented over the next years. The scenario assumes the implementation of an ETS with a price of 100 e per ton of CO 2 in 2050. CCS develops mainly after 2030 reaching 7% of electricity generation by 2050 and representing a thermal capacity of 38 GWe. Another study performed with the POLES model [11] gives a similar capacity for CCS deployment (i.e. 34 GWe) but for the year 2030 within a scenario that assumes a faster commercial availability of CCS in the power sector. In the Roadmap dedicated to CCS [3] , IEA finds a more optimistic deployment where the European CCS capacity reaches 68 GWe in 2050.
IEA in [13] evaluates the cost of CO 2 capture on average at 80 $ per ton of CO 2 for natural gas-fired power plants. The costs per ton of transported CO 2 vary from 2 $ to 6 $ for 2 Mt transported over 100 km according to another publication from IEA [1] . The same publication estimates the cost of CO 2 storage in deep saline aquifers for Europe from 1.90 $ per ton of CO 2 to 6.20 $.
In this analysis we suppose that CCS will begin to be implemented in Switzerland in 2025 at a cost of 100 $ per ton of CO 2 . Table 10 gives the CO 2 prices and the levy charged on fuels used for transportation. In 2020, one notices that the levy is very low, i.e. around 2 Swiss cents per liter. CO 2 emissions from the road transportation sector are thus not affected by the levy and all CO 2 abatement is provided by other sectors. The 60 CHF tax level defined for the year 2014 is sufficient to reach the 20% abatement target by 2020. In that context the ETS price reaches 40 CHF in 2020, which is mainly driven by the deployment of gas turbines in electricity generation with 4 TWh of electricity generated in 2020. After 2020, prices remain constant following the rules presented in Section 3. 2 , that is 22.5% lower than 2020 levels. Without considering emissions from international aviation, this represents 2.5 tons of CO 2 per capita. We observe that all sectors contribute to the decline of CO 2 emissions except ETS sectors for which emissions increase by 14% between 2007 and 2050 following the deployment of electricity from natural gas. Over the same period, the CO 2 emissions decrease by 31% in the road transportation sector due to the electrification of vehicles while emissions from the residential sector decrease by 56% due to the cumulative effects of the buildings retrofit program.
Simulations results
The reference scenario
The electricity generation mix is presented in Figure 7 . We observe that nuclear production is gradually substituted by natural gas and renewable productions. Swiss electricity generation reaches 78 TWh in 2050. Electricity consumption increases by 0.3% per year over the period of simulation. This increase is mainly driven by the deployment of electric cars and the substitution of fossil energy by electricity in heating systems (e.g. heat pumps). 
The DDP scenario
We now suppose that after 2020 a uniform CO 2 price is implemented in Switzerland and gradually increased to reach the objective of 1 ton of CO 2 per capita in 2050. To achieve this goal, carbon emissions must be taxed at 1556 CHF per ton of CO 2 in 2050. As can be seen in Table 14 , in the last decade, the CO 2 price is multiplied by a factor two showing the stringency of the target in 2050. A similar result is found with models used to analyse the European strategy in the EMF28 exercice [15] . The welfare cost in percentage of household consumption is shown in Figure 23 , it is equivalent to a decrease by 1.7% of household consumption in 2050. By assumption all emissions from natural gas power plants are sequestered after 2025. Over the whole period (2025-2050) this represents 77 Mt of CO 2 and 3% of the Swiss sequestration capacity. The decarbonization of the Swiss economy is thus partly realized through the use of more electricity (see Figures 11 and 12 ) combined with CCS allowing to produce electricity with natural gas free of CO 2 , and through the use of new renewables whose potential is fully used in 2050. In 2050, 90 TWh of electricity are produced, which represents a 15% increase with respect to the reference scenario. Electricity generation from natural gas is equal to 21 TWh. 
The DDP scenario without CCS
We observed in the previous DDP scenario that CCS represents an important contribution to CO 2 abatement. However CCS is surrounded by several uncertainties related mainly to technological issues. The social acceptability of this technology is also highly uncertain, especially in Switzerland where geological conditions are most favorable in regions close to population centers. Therefore, we have simulated a scenario in which we supposed that CCS would no be implemented in electricity generation. In this case, CO 2 emissions from gas power plant are taxed like other carbon emissions.
Because in 2050 all Swiss renewable potentials are used for electricity generation, the remaining part of electricity generation can only be produced from natural gas power plants. This induces carbon emissions, so that a significantly higher CO 2 tax is needed to achieve the target of 1 ton of CO 2 per capita in 2050. In Table 12 one can see that the carbon price jumps to 2650 CHF in 2050 and the welfare loss reaches 1.9% of households consumption (see Figure 13 ). The carbon taxation of power plants using natural gas increases the electricity price, limiting the substitution of fossil fuels by electricity. As shown in Figure  15 , electricity generation reaches 78 TWh, 12 TWh below the scenario with CCS. Regarding CO 2 emissions, the share of these emissions coming from ETS sectors (that includes those from electricity generation) increases, which of course requires more abatement from the other sectors (see Figures 15 and 16 ). Figure 16 gives for the year 2050 the CO 2 emissions levels by sectors. Emissions coming from electricity generation are equal to 2.4 Mt CO 2 which represents 25% of Swiss emissions (excluding international aviation) .
The DDP scenario with a constraint on electricity consumption
One of the main conclusions of the DDP scenario analysis is that decarbonization of the Swiss economy comes with an increase in electricity generation partly produced from natural gas. This result is not without rising several issues. First this option is cost effective only with CCS implementation, which is at the same time highly uncertain. Secondly, the significant induced imports of natural gas stand in contradiction with the Swiss energy strategy that promotes energy security goals.
In order to avoid this undesirable effect of natural gas imports, we consider a new scenario with a constraint on long-term electricity consumption. Indeed we rely on the planned amendment of the Swiss Energy Act that defines a target for electricity consumption per capita that has to decrease by 3% in 2020 and by 13% in 2035 with respect to 2000 levels. We extend this target to a 18% reduction in 2050. Therefore, in 2050 electricity consumption would be equal to 63 TWh. The scenario assumes that this target is implemented through additional indirect taxation of electricity consumption for all uses (intermediate and final).
As can be seen in Figure 17 , Swiss electricity consumption would remain flat during the simulation period, and electricity is generated by hydro and other renewables without any natural gas contribution.
Results are reported in Table 13 . The required carbon price increases by 26% in 2050 with respect to the DDP scenario without constraint and reaches 1963 CHF. The ceiling on electricity consumption leads to a large increase of electricity taxation with an indirect tax rate equal to 88% in 2050. Combining a carbon tax and a tax on electricity consumption slightly decreases the welfare cost with respect to the DDP scenario to 1.5% in 2050 (see Figure 19 ). This can be partly explained, by a consumption reduction of natural gas which is totally imported in Switzerland. With the constraint of balanced trade assumed, this creates a trade revenue surplus, i.e. less exports are required to equalize the import costs and the consumption level could increase. A similar result is found with the GENESwIS model [16] . power plants, except for the Mühleberg power plant for which the decommissioning date is already fixed by its owner. Note that this required to run a new reference case where the lifetime of nuclear power plant is also fixed to 50 years. An earlier decommissioning of nuclear power plants would impact only the transition period towards a nuclear free electricity generation system, i.e. 2019-2040 (a complete denuclearization of electricity generation is achieved in 2034). During this transition period, we observe that gas power plants increase their contribution to electricity generation inducing higher electricity prices and thus higher CO 2 prices with respect to the DDP scenario with a 60 years lifetime assumption. Globally the welfare cost is also higher, but by 2050, carbon price and welfare cost converge to the ones computed with a 60 years lifetime. We compute the difference of the cumulative cost related to the implementation of the DDP target between the 60 years and 50 years lifetimes. It is equal to 22.5 billions of CHF 2013 . This gives an upper bound value on the refurbishment expenditures that can be invested in the four Swiss nuclear power plants to extend by 10 years their lifetime. Per KWh that is equal to 9 Swiss cents. 
Conclusion
This analysis aimed at simulating scenarios of a decarbonization pathway for Switzerland. To do this analysis we used the GEMINI-E3 model adapted to account for the existing Swiss policies.
These simulations provide several insights. First, the objective of 1 ton of CO 2 per capita in the next 35 years appears to be quite challenging, especially with the nuclear phase-out decision by 2044. Nevertheless, it is possible to design a feasible pathway. Assuming CCS deployment, it results in a cumulative welfare loss 6 of 1% of household consumption. In 2050 the welfare loss represents 1.7% of household consumption, which is much lower than the estimates of the FP7 AMPERE project [10] that range from 2% to 9.5% GDP reduction for the European Union. At the end of the period, the CO 2 tax is equal to 1556 CHF. This price is high in comparison with those found in the EMF28 exercice [15] for European countries where the median value is 521 e/tCO 2 with a range of [240 -1127 e/tCO 2 ] by 2050. But it is consistent with previous analyses on Switzerland [7] . The main reason is that Switzerland lacks the classical sectors where CO 2 can be mitigated at moderate cost (e.g. coal fired electricity generation, heavy industry). In that context the decarbonization of the Swiss economy is achieved through energy efficiency improvements but also through the substitution of fossil energy by carbon-free electricity. However, as the Swiss renewable potential is not sufficient to satisfy electricity demand, the model shows the deployment of CCS technology associated with combined cycle gas turbines. This penetration of CCS technologies is consistent with other EU studies [10, 15] , in which CCS is combined with a growing share of European electricity supply.
Assuming that CCS will no be implemented in Switzerland raises the cost of the DDP scenario, but this increase is limited by gains coming from reduced imports of natural gas for power generation. The welfare cost reaches 1.9% in 2050.
Finally we simulate a scenario that combines targets on carbon emissions and on electricity consumption. In this case Swiss electricity generation remains free of carbon and based on hydro and other renewables. The welfare cost is comparable to the one computed in the DDP scenario but would result in a less energy intensive economy that does not rely on imports of natural gas.
